Abstract. Additive manufacturing technology has significant advantages in fabricating parts with complex shape, but the internal defects, such as residual stress, pores and microcracks, would result in critical problems under certain circumstances. To meet the requirement of HIP treatment on additive manufactured parts, we studied the thermodynamic behavior of the gas medium under high temperature and high pressure conditions, explored the deformation discipline of the thin-walled parts and the boundary conditions of controlling deformation, and optimized the process of eliminating residual stress. Based on the above work, a series of HIP equipment were specially designed for the treatment on additive manufactured parts, which could provide solid support for the development of additive manufacturing technology.
oxide by carbon, volatile of solid material, evaporate of moisture and coagulation shrinkage of sintered layer. Although defects could be reduced by optimization of the process parameters, producing large defect-free parts with complex shape through additive manufacturing is still a great challenge.
Fig. 1 Effects of SLM parameters on the micro-defects[1]
Compared with traditional technology, fabricated additive manufactured parts show lower mechanical performance because of defects. Besides, due to the manufacturing orientation, the performance shows anisotropic character. Rottger [1] studied the mechanical properties of 316L stainless steel prepared by selective laser melting (SLM) process in different forming directions. It was found that the tensile and yield strength of the specimens built in the horizontal direction are usually higher than in the vertical direction (Tensile specimens were built-up horizontal as well as vertical to the building platform). The reason is that the connection of a molten pool to the neighboring areas in the same slice layer is better than the connection to the underlying slice layer. Performance degradation and anisotropic distribution caused by defects will greatly affect the application of key parts, especially those with complex shape and thin walls. Therefore, after additive manufacturing, further eliminating the defects through HIP improving properties becomes a more critical process.
Research progress of HIP post-treatment on additive manufactured parts
Hot isostatic pressing is the best process to improve the performance of additive manufactured parts. Many researchers studied the effect of HIP treatment on the defects, microstructure and mechanical properties of additive manufactured 316L stainless steel [2] , titanium alloy Ti-6Al-4V [3] [4] [5] [6] [7] and super alloy [8, 9, 10] . Results show that the effect of HIP on the elimination of residual pores was related to the initial state of powder material and the atmosphere during additive manufacturing process. For the pores formed inside the original powder particles during atomization process, residual argon was trapped in the pores and could not disperse to the surface at high temperature because of large atom size. Therefore, under the high pressure of HIP, the size of the pore was gradually reduced. While the internal pressure was equal to the HIP working pressure, the pore size reached the limit. Furthermore, if under subsequent high-temperature heat treatment, these types of pores are likely to re-grow. A related study found and confirmed this result (seen in Fig. 2[6] ). However, for the pores and microcracks formed by incomplete fusion of powders during additive manufacturing process, the effect of HIP on the elimination of residual pores was related to the process atmosphere. SLM process is carried out under argon atmosphere, so part of argon will be blocked in the residual pores or microcracks, resulting in incomplete closing of defects during HIP treatment. However, the argon pressure during SLM process is much lower than that during atomization, the closing effect of HIP on pores and microcracks from additive manufacturing will be better than that formed from atomization. Electron beam melting (EBM) process works under vacuum, and thus the effect of HIP on the elimination of residual pores and microcracks could achieve the best results because there is no residual gas inside the defects. Despite the fact that the process atmosphere affects the densification effect of HIP on additive manufactured parts, HIP process still contributes to the amount and size reduction of residual pores and microcracks, even for SLM parts manufactured under argon atmosphere. Therefore, HIP has an excellent effect of eliminating the residual pores and microcracks in additive manufactured parts and improving the mechanical properties (seen in Fig. 3 and Fig. 4 [4] ), ensuring applications under various conditions. Treatment of residual stress is different from that of pores and microcracks. On the one hand, the residual stress could be reduced by decreasing the temperature gradient through preheating of the powder bed (as for EBM process). On the other hand, the residual stress could be relieved by subsequent annealing process (The stress relief parameters for additive manufactured Ti-6Al-4V: 650 °C, 5h). Besides, the stress relief process can be carried out in a conventional annealing furnace and there is no need to apply such treatment in HIP equipment. Therefore, for additive manufactured parts, stress relief annealing will be firstly carried out, and then HIP treatment will be applied to reduce or eliminate pores and microcracks. Finally, heat treatment is utilized to achieve the required mechanical properties.
Characteristics of CISRI-HIP for industrial application of additive manufactured parts

Characteristics and analysis of CISRI-HIP
Characteristics of CISRI-HIP
With the development of additive manufacturing technology, key parts tend to be large and complex. In response to this trend and the urgent need for hot isostatic pressing to accommodate these complex parts, CISRI fully upgraded the existing hot isostatic pressing equipment and developed specialized ultra-large HIP equipment for large-scale production of additive manufactured parts. The specific characteristics of this equipment are as follows:
1) CISRI has developed extra large HIP with diameter > 2100 mm and height > 4500 mm, to meet the HIP post-treatment demands of additive manufactured parts with larger size, more complex shape and more internal defects.
2) CISRI-HIP has the function of preventing the deformation of the additive manufactured parts from happening again, to meet the demands of stability for additive manufactured parts during charging and under high pressure condition. For this, CISRI developed deformation prevention devices to improve the stability during charging and under high-pressure air flow condition.
3) CISRI-HIP has the function of ensuring the temperature uniformity for single large-size parts or high-volume products with small size during HIP process. Based on the existing technology on controlling temperature uniformity, CISRI has upgraded to further improve the uniformity, to ensure the uniform temperature in every part of a single large component or each workpiece of mass production.
CISRI-HIP has the function of uniform temperature in the large hot zone under hightemperature and high-pressure condition, to ensure that the large additive manufactured parts have a uniform temperature during HIP densification and there should not exist any thermal stress or thermal deformation due to the deviation of temperature under high pressure. 4) CISRI-HIP has the function that the high-pressure air flow sweeps various parts of the large parts uniformly in the large hot zone under high temperature and high pressure condition, to ensure that there should not exist any thermal deformation or thermal stress due to the highspeed gas flow disturbance of any direction.
Focusing on the characteristics of CISRI-HIP, this paper discusses additional features in detail.
Control, calibration and feedback control of temperature accuracy [11]
Choose PID control with precision control accuracy.
1) Control Law of Proportional Integral Derivative (PID)
The transfer function of PID control is
When Kp = 1, ω ω ω
, the corresponding Bode diagram is shown in Fig. 5 . As can be seen from Fig. 5 , when Ti> Td, PID control plays an integral role in the low frequency to improve the steady-state characteristics of the system, and it plays a differential role in the middle stage to improve the dynamic characteristics of the system. From Eq. 1, we can see that PID correction adds one zero pole and two negative real zero points. The zero pole increases the degree of system indifference by one level and improves the steady-state accuracy. Through proper regulation, the two negative real zero points could improve the dynamic performance of the system, so PID control has been widely used in engineering.
Fig. 5 Bode diagram of PID control
2) Calibration and feedback control Phase lag lead correction The purpose of lead correction is to improve the relative stability of the system and quick response. The main function of lag correction is to improve the low-frequency gain and the
steady-state characteristics of the system without affecting the transient performance. Lag lead correction can improve the transient and steady-state characteristics of the system at the same time. The essence of this kind of correction is to make full use of the respective characteristics of lag and lead correction, improving the transient characteristics by using its leading part and the steady-state characteristics by utilizing the lagging part.
3) Feedforward and feedback compound control
(a) (b) (c) 
That is )
If choosing the transfer function of the feedforward device as
Then C(s)=0 E(s)=-C(s)=0
This shows that the output response C(s) is completely undisturbed by the influence of disturbance N(s), so the transient and steady-state error E(s) of the disturbed system are all zero. Eq. 4 is called the full compensation condition for disturbance error.
b Compound control according to input compensation Figure 6b shows a compound control system according to input compensation. The system has two forward channels: one is a feedforward channel formed by Fr(s)G2(s), which is controlled by open loop and the other is the main control channel formed by G1(s)G2(s), which is controlled by closed loop. According to the principle of superposition of linear systems:
or 
If choosing the feedforward compensation device as
The Eq. 6 becomes C
(s)=R(s) E(s)=R(s)-C(s)=0
This Equation shows that the system output fully reproduce the input after feedforward compensation, so the transient and steady-state errors are zero. Eq. 7 is called the error full compensation of the input signal.
In order to analyze the error and the stability of the input feedforward compound control system, the concept of equivalent transfer function is introduced. For the compound control system shown in Fig. 7 , the equivalent closed-loop transfer function can be obtained from Eq. 6.
Define the equivalent open-loop transfer function as
Obviously, the above two equations are only applied to the unit feedback compound control system. The error transfer function is
For the convenience of discussion, let G1(s) = 1 in Fig. 6b , so the compound control system is obtained and shown in Fig. 6c . The following is a discussion of the partial compensation of Fr(s)≠1/G(s).
The closed-loop transfer function is
This is the closed-loop transfer function of the original feedback system without feedforward channel. Obviously, this is a type I system, with constant error and infinite acceleration error. 
Obviously, the type of system is increased from type I (v=1) to type II (v=2).
(2) Taking the linear combination of the first derivative and the second derivative of r(t) as the feedforward control signal, that is 
Obviously, the type of system is increased from type I to type III. In summary, we can draw the following conclusions: When the input feedforward signal is introduced into the feedback control system, the type of the system can be increased from type I to type II and the speed error is eliminated from the , the system type can be increased from type I to type III, eliminating the acceleration error and thus greatly improving the ability and accuracy of the system to reproduce the input signal. Like the disturbance feedforward, the introduction of input feedforward does not change the stability of the original system, so it solves the contradiction between improving control precision and ensuring system stability.
Energy distribution of high-pressure air flow
The flow field is two-dimensional steady-state, that is 
From this, we can see that the thermal field is in a forced convection condition with the increase of temperature and pressure under high temperature and high pressure condition. The gas density increases, the pressure gradient increases, and the gas velocity increases, that is, the kinetic energy increases. So the impact of the air flow on the workpiece is also increasing. Therefore, it is necessary to design the airflow direction, flow force and energy distribution reasonably, that is, uniform flow force and rational energy distribution.
Serialized and specialized HIP of CISRI for additive manufactured parts
Fig. 7 CISRI-HIP for additive manufactured parts
Based on conventional HIP equipment, CISRI developed specialized ultra-large HIP equipment for large-scale production of additive manufactured parts (shown in Fig. 7) . According to the working pressure and temperature, Table 1 summarises the specific features of the serialized HIP machines. Summary 1) HIP post-treatment is the best process to eliminate the internal defects and improve the mechanical properties of additive manufactured parts.
2) CISRI-HIP has the function of preventing the deformation of additive manufactured parts. 3) CISRI-HIP has the function of uniform temperature in the large hot zone under high-temperature and high-pressure condition, to ensure that the large additive manufactured parts have a uniform temperature during HIP densification and there should not exist any thermal stress or thermal deformation due to the deviation of temperature under high pressure. 4) CISRI-HIP has the function that the high-pressure air flow sweeps various parts of the large parts uniformly in the large hot zone under high temperature and high pressure condition, to ensure that there should not exist any thermal deformation or thermal stress due to the highspeed air flow disturbance of any direction. 5) Additive manufactured parts tend to be large, complex and integrate. For the large-scale HIP treatment, CISRI developed ultra-large and specialized HIP equipment for additive manufactured parts.
